Abstract. One of the main goals of the Large Hadron Collider is to find signatures of physics Beyond the Standard Model of particle physics. One way to do this is by studying with high precision the interactions of the Standard Model. In this talk, we address the discovery potential of New Physics in the exclusive channel pp → p X p which relies on the general purpose detectors at the Large Hadron Collider and their respective forward proton detector stations, located at about ∼ 210 m w.r.t. the interaction point. These reactions are highly sensitive to quartic electroweak gauge interactions. As a proof of concept, we discuss the exclusive diphoton production at high diphoton invariant mass. We quote sensitivities on the anomalous γγγγ coupling for an integrated luminosity of 300 fb 1 at the center-of-mass energy of 14 TeV. We also discuss the discovery potential of 3γZ anomalous quartic gauge coupling by measuring the pp → p(γγ → Zγ)p reaction.
Introduction
One of the primary goals of the Large Hadron Collider (LHC) is the search of signatures of Beyond the Standard Model (BSM) physics. Despite the numerous efforts to find BSM physics at the LHC, none have been successful. Nonetheless, they have ruled out many extension models and have set stronger bounds for their parameter space [1] [2] [3] [4] [5] [6] [7] . While these searches are very powerful in specific cases, they end up being highly model-dependent. It is absolutely necessary to exhaust every possibility of New Physics signatures with the best sensitivities accessible at the LHC.
Anomalous quartic gauge interactions between the photons, W ± , and Z 0 bosons can be probed with very high precision at the LHC by measuring central exclusive reactions pp → p X p, where X = γγ, Zγ, ZZ, ¯ , among others. The system X is reconstructed in the central detector, like ATLAS or CMS, while the outgoing protons, which remain intact after the exchange of quanta carrying the quantum numbers of the vacuum, can be reconstructed with dedicated forward proton detectors at about ± 210 meters from the nominal interaction point (See Fig. 1 ). The CMS-TOTEM Precision Proton Spectrometer (CT-PPS) and the ATLAS Forward Physics (AFP) experiments are equipped and operational for the standard high luminosity fills at the LHC to study exclusive and semi-exclusive reactions. The full reconstruction of the final state gives three main advantages: i) due to the kinematic constraint, the number of background events stemming from the simultaneous secondary interactions at the LHC, the pile-up events, is negligible; ii) the production of a massive system X is dominated by photon-exchange events and; iii) systematic uncertainties related to proton dissociation are absent in these reactions, since protons remain intact. Our focus is on photon-induced processes in pp collisions at high invariant masses, as in Fig. 2 . These processes are the most sensitive to the anomalous quartic couplings between the SM vector gauge bosons. Pure gauge interactions can appear due to loops of new real or virtual charged particles. This happens, for instance, in composite Higgs models which require the existence of new charged particles of spin 1 2 and 1 [8] . New particles with exotic electric charges can also appear in warped extra-dimension models with custodial symmetry [9] . Pure gauge interactions can also be induced via the exchange a resonant neutral state of spin 0 or 2. A prime example would be the KaluzaKlein [11, 12] graviton.
The CT-PPS experiment has published the first physics results for an integrated luminosity of 10 fb −1 by measuring the semi-elastic production of µ + µ − pairs using the proton tag method [10] . This first measurement proves that the chain of central and forward detection at the standard high luminosity fills works: from trigger, calibration, alignment and reconstruction has the potential of providing interesting physics results, necessary for future New Physics searches. The AFP experiment started taking data in the Summer of 2017, being an independent experiment probing the same reactions as in CT-PPS at high luminosity fills. 
Light-by-light scattering (γγ → γγ)
Light-by-light scattering (γγ → γγ) was first predicted to exist in QED in 1933 [13] . It was first shown that the leading-order contribution to this process was finite in Ref. [14] , but it was not until 2017 that it was first directly observed. Indeed, the first direct evidence of light-by-light scattering was found by the ATLAS Collaboration in Pb-Pb collisions [15] , setting an important precedent in photon physics at the LHC. 2 The diphoton mass in this measurement ranges from 10 to 25 GeV. Complementary to the ATLAS Pb-Pb measurement, the pp process will probe diphoton masses from ∼ 300 GeV to 2 TeV with high transverse momenta photons and with proton tagging. As explained below, this gives sensitivity to regions where the anomalous interaction effects are more important. The Muon g-2 experiment [17] is also sensitive to the four photon coupling, as it modifies directly the QED vertex of the muon. While the precision in this experiment is already exceptional, and the measurement is expected to improve even more at Fermilab, the sensitivity to BSM particle properties in CT-PPS or AFP is expected to be superior [18] .
Any new electrically charged particles would contribute to the scattering of light-by-light (γγ → γγ) via loop diagrams. Light-by-light scattering amplitudes are fully characterized by the mass, spin and electric charge of the particle in the loop [18] . As a result, the search for charged particles can be performed in a fully model-independent way.
As described in [18] , using kinematic information from tagged protons can constrain background events by roughly two orders of magnitude. In Fig. 4 , we show the leading SM processes which result in two photons and two intact protons in the final state [19] [20] [21] [22] . Fig. 2 corresponds to the exclusive QCD diphoton production via colorless two-gluon exchange, while Fig. 2 shows the photon exchange. In Fig 2 we see that quark, lepton and W ± loops are considered in order to calculate the correct SM cross section for diphoton production. The two-gluon exchange process is dominant at low invariant masses whereas the photon induced ones dominate at higher diphoton masses [23] . This leads to a strong conclusion: if one observes two photons with high invariant mass in the central detector and two intact protons in the forward detectors -and the kinematics are properly balanced between the forward and central detectors-we have high confidence this is due to a photon-induced process.
In the assumption of a new physics mass scale Λ heavier than the experimentally accessible energy E, all new physics manifestations can be described using an effective Lagrangian valid for Λ E. Among these operators, the pure photon dimension-eight operators
can induce the γγγγ interaction. The unpolarized differential cross section induced by the EFT Lagrangian reads,
Imposing unitarity on the S -wave from the EFT amplitudes, we find the bound
In Fig. 2 , we see the diphoton invariant mass distribution for signal and backgrounds. As mentioned previously, the signal appears at high diphoton mass. We also see that the dominant background, by several orders of magnitude, at high invariant mass is the γγ+ pile-up contribution, which is due to the overlap of non-diffractive diphoton production and the presence of two intact protons due to the secondary interactions, commonly known as pile-up interactions. This background can be largely suppressed by applying the rapidity and mass matching criteria (see Fig. 7 ) between the forward proton detectors information and the central detector information. 3 . The signal selection efficiency exceeds 70%. 
γγγZ coupling
The γγγZ interaction is induced at one-loop level in the SM via loops of fermions and W ± bosons. Loops of heavy particles charged under SU(2) L × U(1) Y contribute to the γγγZ couplings. These loop contributions only depend on the mass and quantum numbers of the particle in the loop. This anomalous interaction results in the γγ → γZ scattering and generates the rare SM decay Z → γγγ. 3 The fractional momentum loss of the intact protons ξ is measured by the proton taggers. The diphoton mass can be reconstructed with them via m γγ = √ ξ 1 ξ 2 s (often called missing diproton mass, since it comes from the intact protons) and the diphoton rapidity with y γγ = 1/2 log(ξ 1 /ξ 2 ). This is valid for every central exclusive reaction. If a γγγγ signal is observed, the pp → p(γγ → γZ)p channel would provide a clear test whether or not the underlying exchanged particle is universally coupled to the gauge kinetic terms.
In the presence of New Physics with a mass scale Λ heavier than the experimentally accessible energy E, all New Physics manifestations can be described using an effective Lagrangian valid for Λ E. In this low-energy EFT, the γγγZ interactions are described by two dimension-eight γγγZ operators We find the unpolarized differential cross section to be 
The discovery potential of this anomalous coupling via the exclusive production pp → p(γγ → Zγ)p has been addressed in detail in [24] . The EFT approach is used in the study, and conclusions to scenarios where loops of new particles charged under SU(2) L × U(1) Y or neutral resonance production. Two dimension-8 operators contribute to the anomalous quartic interaction 3γZ with couplings ζ,ζ. Just as in the exclusive diphoton production, the only significant background is the overlap of non-diffractive events with γZ final states and the simultaneous intact protons coming from the uncorrelated single diffractive and double diffractive events. This background can be reduced by comparing the forward and central measurements, as seen in Fig. 8 for the Table 1 . 5σ discovery and 95% CL exclusion limits on ζ,ζ. Sensitivities are given for 300 fb −1 for µ = 50 pile-up interactions. The last row corresponds to the search of Zγ production in both channels with their respective selection cuts. Figure 9 . Sensitivity in the ζ −ζ plane for 300 fb −1 and µ = 50. Orange, green and light blue can be probed at 5 σ, 3σ, and 95% C.L. using proton tagging at the LHC.
The exclusive channel allows the possibility of studying exclusive Zγ production with the Z decaying leptonically or hadronically. The signature ¯ γ is much cleaner, but generates vastly fewer events than qqγ. The sensitivity on the anomalous coupling considering both decay channels at 13 TeV, with 300 fb −1 of data, is 1.7 · 10 −13 GeV −4 at 5 σ and 1 · 10 −13 GeV −4 at 95% CL.
The strongest bound on the branching ratio B(Z → γγγ) was found by the ATLAS Collaboration at 8 TeV [25] : B(Z → γγγ) < 2.2 · 10 −6 . This bound translates to a limit on the anomalous couplings ζ 2 +ζ 2 − 1 2 ζζ 1/2 < 1.3 · 10 −9 GeV −4 (95% CL).
Imagining that the same search is done at 13 TeV with 300 fb −1 , we roughly expect this bound to improve by an order of magnitude. This remains far away from the expected sensitivities obtained in the exclusive channel at the same luminosity by roughly three orders of magnitude.
Conclusions
The exclusive channel provides an excellent test ground to probe quartic electroweak gauge boson interactions with cross-sections at the order of fractions of fb. Search of quartic interactions in the exclusive channel allows to study New Physics in a model-independent. The couplings can be characterized as a function of the mass, spin and charge under SU(2) L × U(1) Y of the new particles contributing via loops in γγ → γγ and γγ → γZ scattering.
The CT-PPS experiment has published the first results for an integrated luminosity of 10 fb
for the semi-elastic production of µ + µ − pairs at the LHC using the proton tagging method. This first measurement proves that the chain of exclusive and forward detection works at the standard high luminosity fills, which goes from trigger, calibration, alignment and reconstruction can provide interesting physics results, necessary for future BSM searches. The ATLAS Forward Physics project started taking data in the Summer of 2017, being an independent experiment probing the same reactions as in CT-PPS.
